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ABSTRACT
We present a comprehensive test of the relation between stellar and total mass in
galaxies as predicted by popular models based on abundance matching (AM) tech-
niques. We use the “Spectroscopy and H-band Imaging of Virgo cluster galaxies”
(SHIVir) survey with photometric and dynamical profiles for 190 Virgo cluster galaxies
to establish a relation between the stellar and dynamical masses measured within the
isophotal radius r23.5. Various dark matter and galaxy scaling relations are combined
with results from the NIHAO suite of hydrodynamical simulations to recast AM pre-
dictions in terms of these observed quantities. Our results are quite insensitive to the
exact choice of dark matter profile and halo response to baryon collapse. We find that
theoretical models reproduce the slope and normalization of the observed stellar-to-
halo mass relation (SHMR) over more than three orders of magnitude in stellar mass
(108 < M∗/M < 2×1011). However, the scatter of the observed SHMR exceeds that of
AM predictions by a factor ∼5. For systems with stellar masses exceeding 5×1010 M,
AM overpredicts the observed stellar masses for a given dynamical mass. The latter
offset may support previous indications of a different stellar initial mass function in
these massive galaxies. Overall our results support the validity of AM predictions on
a wide dynamical range.
Key words: cosmology: theory – dark matter – galaxies: formation – galaxies: kine-
matics and dynamics – methods: numerical
1 INTRODUCTION
In a universe dominated by dark matter and dark energy,
galaxy formation is a complex mix of hierarchical mass as-
sembly, gas cooling, star formation and secular evolution.
In recent years, the scaling relation between stellar mass
and halo (or total) mass has emerged as a fundamental
trend to be reproduced by any model, theoretical or numer-
ical, aiming to explain and characterize the intricate pro-
cess of galaxy formation. The Stellar-to-Halo Mass Relation
(SHMR hereafter), pionered by Moster et al. (2010) and sub-
sequently refined by other authors (e.g Behroozi et al. 2013;
Moster et al. 2013; Kravtsov et al. 2018), has become one
of the premier tests for galaxy formation models at low and
? E-mail: maccio@nyu.edu
high redshifts (e.g. Stinson et al. 2013; Hopkins et al. 2014;
Schaye et al. 2015; Wang et al. 2015).
While numerous galaxy scaling relations emerge directly
from the direct combination of fundamental observables,
such as luminosity and velocity for the Faber-Jackson and
Tully-Fisher relations (Faber & Jackson 1976; Tully & Fisher
1977) or size-velocity relations (Courteau et al. 2007), the
SHMR is a hybrid mix of observations and theory, based on
the Abundance Matching (AM) paradigm which assumes
that a galaxy with a given volume abundance and mass
range (e.g. in number per cubic megaparsec per mass dex)
will inhabit dark matter haloes with the same space density.
Despite its widespread appeal, the SHMR is not eas-
ily measured and calibrated given the intrinsic challenge of
directly measuring the total (halo) mass of galaxies. A few
modeling techniques like gravitational lensing and satellite
c© 2020 The Authors
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dynamics enable the measurement of a total mass in the
outskirts of galaxies, but these methods are typically only
applied to (fairly) massive galaxies and such measurements
are rather limited (e.g. Courteau et al. 2014).
In this paper, we present a different approach to this
problem: rather than exploiting SHMRs constructed from
observations alone, we combine a suite of observed galaxy
scaling relations with hydrodynamical cosmological simula-
tions of galaxy formation (namely the NIHAO project: Wang
et al. 2015) to recast Abundance Matching predictions in a
more practical framework.
Our technique enables a comparison of theoretical pre-
dictions for the SHMR from two of the most commonly used
AM models by Behroozi et al. (2013) and Moster et al.
(2013) with observational results from the SHIVir survey
of structural parameters for 190 spatially-resolved Virgo
cluster galaxies (Ouellette et al. 2017). Our comprehensive
SHMR provides a superb opportunity to test various pre-
cepts inherent to theoretical galaxy formation models.
This Letter is organized as follows: sections 2 and 3
presents an outline of the SHIVir survey and of our numer-
ical simulations respectively. Our results on the comparison
between AM predictions and observational data are shown
in section 4, while section 5 contains our discussion and con-
clusions.
2 OBSERVATIONAL DATA
We take advantage of the “Spectroscopy and H-band Imag-
ing of Virgo cluster galaxies” (SHIVir) survey of 190 Virgo
cluster of galaxies to extract the structural parameters
needed for our study, such as stellar masses, dynamical
masses, and isophotal sizes, among others.
SHIVir is an optical and near-infrared survey combin-
ing analysis of Sloan Digital Sky Survey (SDSS) photom-
etry, deep H-band photometry and long-slit spectroscopy
acquired uniformly on multiple telescopes and instru-
ments. The SHIVir catalog of 190 Virgo cluster galax-
ies (VCGs) covers all morphological types over a stel-
lar mass range of 107.8 M to 1011.5 M, including 133
VCGs that have resolved kinematic profiles (rotation curves
and dispersion profiles). The SHIVir photometric catalog
is presented in McDonald et al. (2009) [H-band imag-
ing], Roediger et al. (2011b,a) [multi-band imaging and
stellar population analysis], and Ouellette et al. (2017,
and 2020 in preparation) [long-slit spectroscopy]. We re-
fer to these papers for a detailed description of the cat-
alog selection. The SHIVir photometric data are available
at http://www.astro.queensu.ca/virgo. The SHIVir spec-
troscopic data will be presented in Ouellette et al. (2020;
in preparation). Altogether, SHIVir is a comprehensive
database of photometric and kinematic parameters for Virgo
cluster galaxies with effective and isophotal grizH magni-
tudes and radii, rotational velocities, velocity dispersions,
stellar and dynamical masses.
Whenever possible, if light profiles reach to deep levels,
structural parameters are measured at R23.5, the projected
2D isophotal radius corresponding to a surface brightness of
23.5 mag sec−2, typically measured in the reddest possible
band 1. In the rest of this Letter, we will use R23.5 to in-
dicate the 2D isophotal radius and r23.5 to indicate its 3D
counterpart; all the SHMR parameters will be all measured
within r23.5, both in observations and simulations.
Stellar mass-to-light ratios, M∗/L, are recovered via
global colours from the spatially-resolved light profiles. Stel-
lar masses, M∗(< r23.5) , are inferred from suitably chosen
stellar mass-to-light ratios via transformations provided by
Roediger & Courteau (2015).
Dynamical masses, Mdyn(< r23.5) , for late-type systems
assume spherical symmetry and are computed as Mdyn(<
r23.5) = V2rot,23.5 × r23.5/G, where Vrot,23.5 is the average ra-
dial velocity of the gas measured at r23.5. Vrot,23.5 measure-
ments are corrected for inclination and redshift broaden-
ing (Courteau et al. 2014; Ouellette et al. 2017). For early-
type systems, Mdyn(< r23.5) , is computed using a transfor-
mation of the velocity dispersion, σ, measured at the ef-
fective radius, re, into circular velocity, Vrot,23.5 whereby:
Vcirc =
√
c∗σre and c is a virial coefficient (cf. Sec. 2.4 Ouel-
lette et al. 2017).
Size errors are relatively small given their well-defined
surface brightness reference, and the typical uniform uncer-
tainty on Vrot,23.5 is 6 kms−1 . Thefore, the typical uncer-
tainty on Mdyn(< r23.5) is estimated to be ∼10−15%. A con-
servative random uncertainty for stellar mass-to-light ratio,
M∗(< r23.5) , is 0.13 dex (Stone & Courteau 2019). System-
atic uncertainties (e.g. model-to-model differences) for the
M∗(< r23.5) , are however of order 0.3 dex (Conroy 2013;
Courteau et al. 2014; Roediger & Courteau 2015).
3 SIMULATIONS
We take advantage of the cosmological hydrodynamical sim-
ulations NIHAO (Numerical Investigation of Hundred As-
trophysical Objects) for this project. NIHAO is a large sim-
ulation suite of high resolution (zoom-in) simulations; for
more details, see Wang et al. (2015). The simulations are
based on the gasoline2 code (Wadsley et al. 2017), and in-
clude metal cooling, chemical enrichment, star formation
and feedback from supernovae (SN) and massive stars (the
so-called Early Stellar Feedback). The cosmological param-
eters are set according to Ade et al. (2014): Hubble param-
eter H0= 67.1 kms−1 Mpc−1, matter density Ωm = 0.3175,
dark energy density ΩΛ = 1−Ωm −Ωr = 0.6824, baryon den-
sity Ωb = 0.0490, normalization of the power spectrum σ8 =
0.8344, slope of the inital power spectrum n = 0.9624, and
each galaxy is resolved with about one million elements
(dark matter, gas and stars).
The NIHAO simulations have been proven to be very
successful in reproducing several observed scaling relations
like the SHMR (Wang et al. 2015), the disc gas mass and disc
size relation (Maccio` et al. 2016), the Tully-Fisher relation
(Dutton et al. 2017), and the diversity of galaxy rotation
curves (Santos-Santos et al. 2018). NIHAO is indeed the
needed tool for our goal of recasting the AM relation onto an
observationally accessible plane. This study uses all NIHAO
1 The i-band surface brightness at 23.5 mag sec−2 corresponds
roughly to surface densities of 1-10 M /pc2.
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Figure 1. Relation between the total stellar mass with the galac-
tic radius rgal, and the stellar mass within r23.5 for the NIHAO
galaxies. The black dashed line is an orthogonal fit to the re-
lation. The outlier in the bottom right corner is undergoing a
merger and has been excluded from the fit.
simulated central galaxies (i.e. no satellites) with a stellar
mass larger than 108 M, for a total of ninety objects2
4 RESULTS
Our goal is to recast predictions based on AM techniques
from the M∗ −Mvir plane into the observational motivated
M∗(< r23.5) −Mdyn(< r23.5) plane. To this end, we must build
a relation between M∗3 and M∗(< r23.5) and between Mvir and
Mdyn(< r23.5).
To find the first relation we use the NIHAO simulations
to compute for every galaxy the enclosed stellar mass M∗(< r)
as a function of r and then verify for which radius r this re-
lation crosses the relation between r23.5 and M∗(< r23.5) ob-
served by Ouellette et al. (2017):
log
(
r23.5
kpc
)
= −0.346×
(
7.51− log
(
M∗(< r23.5)
M
))
. (1)
The crossing point gives the values of r23.5. With those
in place, we can determine M∗(< r23.5) for every NIHAO
galaxy taking into account the scatter of 0.13 dex in the ob-
served relation (eq. 1) (Ouellette et al. 2017). We can now
build a relation between M∗(< r23.5) and M∗(< rgal) based on
2 Note that SHIVir galaxies are mainly satellites in the Virgo
cluster, while NIHAO are central objects. Since we are interested
in comparing masses with r23.5 and given that the stellar body
of a satellite galaxy is well protected against tidal effects (Smith
et al. 2016), we do not expect this difference to be significant.
3 We indicate the stellar mass of galaxy with M∗(< rgal), which is
the stellar mass within the galactic radius rgal equal to 10% of the
virial radius (Wang et al. 2015).
Figure 2. The effects of scatter on halo mass at a given stellar
mass on the inverted AM relation from Moster et al. (2013).The
dotted red line shows the relation obtained by a simple inversion
(dashed lines represent the one-σ scatter), while the blue points
with error bars show the sample inverted relation when scatter
is taken into account. The lower panel shows the relative ratio
between the two results.
Figure 3. Dark matter mass enclosed within r23.5 as a function of
total halo mass for the three different dark matter profiles adopted
in our study. Differences among these profiles are within a factor
of three.
NIHAO. This relation, shown in Fig. 1, is well represented
by a simple linear fit:
log
(
M∗(< r23.5)
M
)
= 1.68+0.85× log
(
M∗(< rgal)
M
)
. (2)
The fit has a median scatter of 0.3 dex, which we take into
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account when transforming M∗(< rgal) into M∗(< r23.5) . We
must now derive the relation between the total mass of the
galaxy within the virial radius and the dynamic (total) mass
within r23.5 . The first quantity is obtained by inverting the
AM relation, but the inversion is non-trivial due to the asym-
metric scatter in the inverted relation as well as the different
halo abundances at low and high masses. In order to take
these two effects into account, we proceed as follows. As-
suming a constant scatter of 0.4 dex (at a fixed total mass)
for each stellar mass (Moster et al. 2018), we obtain (via
inversion of the AM relation) minimum (M−h ) and maximum
(M+h ) possible halo masses. We then select the actual halo
mass in this interval with a probability distribution function
PDF ∝ M−2h to account for the slope of the halo mass func-
tion on these scales (e.g. Tinker et al. 2008) and thus, the
different abundances of low and high mass haloes.
The results of this procedure are shown in Fig. 2. The
blue points represent the inverted SHMR when the scatter
is taken into account; these predict (at a fixed stellar mass)
a lower value for the hosting dark matter halo mass than is
expected from the direct inversion (with no scatter) of the
abundance matching result (red dotted line, the dashed line
show the one-sigma scatter).
To compute the total (dynamical) mass within r23.5 ,
we must first infer the contribution of the dark matter com-
ponent which can be obtained assuming a dark matter pro-
file. The density profile is then integrated from zero to the
desired radius. The Navarro, Frenk & White profile (NFW
Navarro et al. 1996) is adopted, with a halo concentration
from Dutton & Maccio` (2014). Integration of the profile up
to r23.5 then yields Mh(< r23.5). Galaxy formation is known
to alter the dark matter distribution, even though the pre-
cise effects are still debated (e.g. Blumenthal et al. 1984;
Gnedin et al. 2004; Read & Gilmore 2005; Pontzen & Gov-
ernato 2012; Di Cintio et al. 2014a; Chan et al. 2015). To
isolate possible effects of galaxy formation, we consider two
modes: i) a classical adiabatic contraction model based on
Blumenthal et al. (1984), and ii) the α−β−γ profile inferred
by Di Cintio et al. (2014b, DC14) based on the MaGICC
simulations suite (Maccio` et al. 2012; Stinson et al. 2013)
and subsequently verified with NIHAO simulations (Tollet
et al. 2016; Maccio` et al. 2020). The results for the rela-
tion Mh(< r23.5) for the three proposed profiles are shown in
Fig. 3. We will see in section 4 that the differences amongst
the various mass profiles amount to less than 0.5 dex (factor
3) and are thus insignificant relative to the scatter in the
observed masses.
We can now compare the newly determined halo (dark
matter) mass contribution to the total dynamical mass in-
side r23.5, with Mdyn(< r23.5) from our observations. The lat-
ter is of course a combination of the three stellar, gas and
dark matter components. First, we must correct the dark
matter contribution resulting from pure N-body simulations
(i.e. the NFW profiles and concentration mass relation), by
multiplying our values of Mh(< r23.5) by (1- fb) where fb is the
baryonic ratio: fb = Ωb/Ωm ≈ 0.155, for our choice of cosmo-
logical parameters (see section 3). The contribution of the
stars and gas must also be accounted for. The first one is
given by M∗(< r23.5) . The contribution from the gas is esti-
mated from the scaling relation between total stellar mass
and total (cold) gas mass from Dutton et al. (2011, with a
scatter of a factor 2 around the mean):
log
Mg
M∗
= −0.27−0.47log
(
M∗
1010M
)
. (3)
The NIHAO simulations enable us to compute the frac-
tion of the gas mass that resides, on average, within r23.5.
This fraction is found to be roughly 40 percent of the total
gas mass. We are now fully equipped to compare observa-
tions and AM predictions.
Fig. 4 shows the final results for the SHMR proposed
by Moster et al. (2013, left panel) and Behroozi et al. (2013,
right panel). The solid lines represent the results for two
different choices for the dark matter profiles: NFW (blue),
and DC14 (magenta). The black circles are the SHIVir data
from Ouellette et al. (2017). The red squares show results for
the NIHAO simulated galaxies. Results for the DC14 profile
are only presented within the validity mass range of their
fitting formula.
The shaded area in Fig. 4 represents the scatter on the
AM relation obtained from the procedure outlined above.
Even though the (forward) scatter was computed for Mdyn(<
r23.5) at a fixed M∗(< r23.5) , we place Mdyn(< r23.5) on the ab-
scissa axis as it is commoly presented in the literature. We
find that 80 percent of the scatter comes from the scatter
in the (inverted) AM relation; the remainder of the scat-
ter comes mainly from the concentration-mass relation (0.11
dex, Dutton & Maccio` 2014), the relation between stellar
and cold gas masses (0.32 dex, Dutton et al. 2011), and the
relation between r23.5 and M∗(< r23.5) (0.13 dex, Ouellette
et al. 2017; Stone & Courteau 2019).
The data are well matched by the AM relation in the
stellar mass range 108 −5×1010 M, and seem to favor the
DC14 profiles rather than an unperturbed NFW. NIHAO
results closely reproduce the AM predictions based on the
DC14 profile; this is expected since DC14 was based on
an earlier version of the NIHAO simulations (Stinson et al.
2013). Above a stellar mass of ∼ 5×1010 M, and regardless
of the chosen dark matter profile, AM always over-predicts
the stellar mass for a given dynamical mass.
Assuming that there is no bias in the stellar mass pro-
files of NIHAO simulations (Dutton et al. 2016), this ap-
parent mismatch may be resolved if the observed stellar
masses are under-estimated at high mass. This would indeed
be expected in the context of stellar Initial Mass Function
(IMF) variations between low to high mass systems. Such
variations, suggesting a more top-heavy IMF at large stellar
masses, are supported by different studies related to stellar
populations (e.g Conroy & van Dokkum 2012) and stellar
internal dynamics (e.g. Cappellari et al. 2013; Dutton et al.
2013) among others.
At all scales, the predicted scatter in the AM relation
is always significantly smaller than the observed one, indi-
cating that the scatter in the data is dominated by observa-
tional errors. Finally our simulations have a smaller scatter
than the one obtained from AM, consistent with results from
other groups (see Wechsler & Tinker 2018, for a recent re-
view on the galaxy-halo connection).
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Figure 4. Comparison of observations and AM predictions for the Moster et al. (2013, left) and Behroozi et al. (2013, right). The
blue solid line assumes an NFW profile for the DM distribution (this specific choice is inconsequential for our study), while the dashed
magenta line is for the profile suggested by DC14. The corresponding shaded area represent the one-σ scatter around the mean (see text
for details). The red squares represent the NIHAO simulations, while observations are shown as black points.
5 DISCUSSION AND CONCLUSIONS
The stellar-to-halo mass relation (SHMR), as predicted by
Abundance Matching (AM) techniques, has become an es-
sential benchmark for any model or simulation of galaxy
formation. Despite its widespread use, the SMHR has only
been tested directly against observations over a limited range
of masses and only for few galaxies (Ouellette et al. 2017).
In this paper, we have presented a comprehensive test of
AM predictions based on 190 galaxies of all morphological
types, spanning over three orders of magnitude in stellar
mass from 108 to 1011 M . We have directly tested two of
the most popular models for AM, namely the ones proposed
by Behroozi et al. (2013) and Moster et al. (2013).
Instead of extrapolating observations to predict (total)
stellar and viral masses, we have recast AM predictions
in terms of stellar and total (dynamical) mass within the
isophotal radius r23.5 ; the latter quantities being readily
accessible through observations. To properly translate AM
theoretical predictions into tractable observables, we have
used a mix of galaxy scaling relations and results from hy-
dro simulations from the NIHAO suite (Wang et al. 2015).
We have found that AM predictions are a fair rep-
resentation of observational data for stellar masses below
∼ 5× 1010 M , especially if we account for modifications
of the dark matter distribution due to galaxy formation as
suggested by Di Cintio et al. (2014a).
For a given dynamical mass, observations carry a scat-
ter as large as one dex, much larger than the intrinsic scatter
in the AM relation, even when accounting for the scatter in
the scaling relations used to translate the original stellar-to-
halo mass plane into the observational one. The very small
predicted scatter in the AM relation is well reproduced by
results from the NIHAO simulated galaxies, suggesting that
most of the scatter in the observations comes from mea-
surement uncertainties and possible environmental effects
(Ouellette et al. 2017; Stone & Courteau 2019).
Unfortunately, the large scatter in the observations
thwarts any attempts to disentangle between the two com-
pared AM models.
For stellar masses above ∼ 5×1010 M , the AM models
appear to overestimate the stellar mass at a fixed dynamical
mass with respect to observations. Appealing to a top-heavy
stellar Initial Mass Function (e.g. Conroy & van Dokkum
2012; Cappellari et al. 2013) at high masses might offer a
possible solution. More extensive coverage of the SHMR at
high mass may also consolidate this issue.
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